The composition and function of platelet-derived Extracellular Vesicles (EVs) in health and in disease are a major topic of investigation in biomedical research. However, efforts to delineate specific molecular repertoires and roles for different types of EVs in the circulation are limited not only by the lack of flow cytometers capable of analyzing submicron-and nano-materials across the full size spectrum of plasma EVs, but also by the lack of standardized methods and reference materials that would permit inter-laboratory reproducibility for these analyses. In this review, we summarize the flow cytometry of EVs, with a focus on platelet vesicles in plasma. In addition to delineating the basic principles that govern what precautions must be considered when using flow cytometry for the analysis of platelet vesicles, we provide an overview for how to standardize, control, annotate, and report EV flow cytometry data reproducibly, while looking forward to a next generation of high sensitivity instruments for the analysis of EVs and other submicron biomaterials in the circulation.
Introduction
While it is now appreciated that all cells release small membrane vesicles, variously referred to as exosomes, microvesicles or extracellular vesicles (EVs), the roles of these vesicles in the circulatory system, in wound healing, and in other biological processes were unrecognized until relatively recently (1) (2) (3) . One of the earliest accounts of this phenomenon was in blood, where Wolf observed that "platelet dust" had potent pro-coagulant activity (4) . Fifty years later, there is a large body of evidence pointing towards the physiological importance of platelet-derived vesicles, but the mechanisms regulating the formation and release of platelet EVs, as well as the molecular bases of their functional effects remain obscure. A primary reason for this is a lack of sensitive and specific methods for the quantitative analysis of these small, heterogeneous membrane particles.
Flow cytometry is a powerful approach to the quantitative analysis of individual particles. The technique is widely used for the analysis of cells, including large (>20 μm) neurons and alveolar macrophages, lymphocytes (~10 μm), and platelets (2-3 μm) (5) . Flow cytometry can provide low resolution morphological information about individual cells, including information about relative size (diameter) and internal structure ("granularity"). This information allows the discrimination of small cells with relatively simple structures (such as lymphocytes) and larger cells with relatively more complex internal structures (such as granulocytes or adipocytes). The use of fluorescence probes, in particular fluorescencelabelled antibodies, can provide information on the abundance of specific molecular components of cells and their functional physiology. Platelets represent the smallest "cellular" material that most flow cytometers were generally designed to detect, and multicolor flow cytometry is a useful tool for the characterization of platelets and their receptor repertoires (6) .
Flow cytometry has also been used for the analysis of submicron (< 1 μm) EVs. In general, flow cytometry analysis of EVs has followed the same paradigms as lymphocyte analysis, with light scatter being used to detect individual EVs and fluorescence to detect specific molecular components or physiology-related features. However, most flow cytometers were designed for studying cells rather than EVs, which are one to two orders of magnitude smaller than cells. In addition, there is wide variation in the limits of detection for commercially available flow cytometers. Due to this variation, and the fact that signals from EVs challenge the sensitivity of conventional instruments, flow cytometry of EVs has not yet gained the same wide acceptance as flow cytometry of cells. Moreover, there is significant variation in the details of the sample preparation and measurement approach, little agreement on standardization, calibration, and experimental design principles, and a lack of uniformity in data reporting and archiving. This has resulted in many publications in which estimated EV concentrations of similar samples vary by orders of magnitude and in which fluorescence measurements are largely uncalibrated. Without shared calibration methods and metrics, it is impossible to compare data between laboratories, despite widespread recognition of the need to improve reproducibility in preclinical research (7, 8) .
Meanwhile, the limitations of conventional flow cytometry have become apparent (9) , and education regarding basic principles of flow cytometer operation and calibration, as well as sound experimental design principles, have begun to focus on EV analysis. Consequently, consensus is building regarding several key issues, and prospects are brighter for the development of robust and reproducible quantitative analytical methods for the study of EVs from platelets and other cells. In this review we will highlight some of the practical issues regarding flow cytometry of EVs and the implications for quantitative analysis of platelet vesicles.
Practical considerations
A key conceptual step in applying flow cytometry technology to the measurement of EVs is the realization that EVs are not lymphocytes. The current generation of commercial flow cytometers are highly complex, sensitive instruments, that are optimized for the measurement of lymphocytes and other similarly sized cells. The immunophenotyping of immune cells in blood has revolutionized our understanding of the immune system, largely thanks to the large numbers of parameters ("colors") that can be measured simultaneously on single cells (10) (11) (12) . Advances in fluorescent probe development, multicolor panel and experimental design principles, and automated data analysis tools have enabled biologists to perform sophisticated measurements with little need for a detailed understanding of the operational details of the flow cytometer. However, a simple extrapolation of approaches that are robust for lymphocyte analysis to the analysis of EVs can result in highly variable and nonsensical data. These artifactual data are not at all apparent to users who do not understand the design and operational limitations of their instruments. To better recognize and avoid these artifacts, and to produce data that is accurate and reproducible, it is instructive to consider the differences between lymphocytes, platelets, and EVs (Table 1) and the implications of these differences for flow cytometry-based measurements.
The most obvious difference between platelets and EVs is size (Figure 1 ). For purposes of illustration, lymphocytes are on the order of 10 μm in diameter while most EVs are on the order of 0.1 μm in diameter. Assuming that both lymphocytes and EVs are spherical, this 100-fold difference in diameter results in a 10,000-fold difference in surface area and a 1,000,000-fold difference in volume between the two particle types. Platelets are discoid rather than spherical, a feature which affects some of the following arguments, but not fundamentally. This difference in size impacts almost every aspect of the flow cytometry measurement.
First, small particles scatter much less light than large particles of the same material. Thus, while individual lymphocytes can be readily discriminated from various sources of background using flow cytometry, EVs cannot. For particles that are smaller than the wavelength of the illuminating laser, light scatter decreases drastically (as the 4 th -6 th power of the radius) meaning that as EVs get smaller, they may scatter much less light.
Second, assuming a similar surface density of surface receptors and antigens, EVs will bear ~10,000-times fewer surface molecules compared to their cell of origin. Thus, for high abundance cell surface molecules, such as CD41 (also known as integrin α2, GPIIb), which is present at ~40,000 molecules per platelet (13) , the expected abundance on a 120 nm platelet EV would be ~200 molecules, which is near the detection limit of the most sensitive commercial flow cytometers. For a low abundance surface molecule, such as CD102 (also known as αLβ2 integrin or Intracellular Adhesion Molecule-2, ICAM-2) and α2β1 (or GPIa-IIa), the estimated number of molecules is ~2000-4000 per platelet (14, 15) . Consequently, the number of molecules on each platelet EV might be less than 10, which is far below the detection limits of conventional commercial flow cytometers. In addition to biologically active surface receptors, EVs also carry functional cargo, including microRNA and other nucleotides. RNA-specific dyes (such as SytoRNA-Select and Syto-84) have been used to label and quantitate RNA cargo of EVs bound to beads or in other bulk assays. However, attempts to label and detect RNA in individual EVs by flow cytometry have generally failed, likely due to the low abundance of RNA per EV (16) and the short length of RNA. Consequently, the small number of RNA-associated labels result in RNA-labelling levels per EV that typically fall below the limits of detection of commercially available flow cytometers.
Third, assuming a similar concentration of cytoplasmic contents in cells and EVs, the cytoplasmic contents of an EV will be ~1/1,000,000 th that of the cell or origin. This means that the fluorescence from fluorescent probes that stain contents in the intra-vesicular volume will be orders of magnitude less bright for EVs compared to the cell of origin. These small signals will also challenge the fluorescence sensitivity of conventional flow cytometers. On the other hand, the small volume of EVs also means that the number of autofluorescent compounds will be low. In contrast to the situation for cells, where the predominant source of background is cellular auto-fluorescence (often equaling the intensity of several thousand exogenous fluorophores), the auto-fluorescence of EVs is low. For EV, the fluorescence sensitivity is expected to be limited by other sources of optical and electronic background.
Beyond these factors impacting light scatter and fluorescence sensitivity and resolution, other aspects of flow cytometry differ between EV and cell analysis. Because the size of cells is comparable to the dimensions of the focused laser beam, they can be readily distinguished from cells that are closely spaced or coincident as they pass through the laser. For example, coincidence detection of cells can be identified by the signal pulse width or the relationship between pulse height and area. By contrast, because EVs are much smaller than the focused laser spot, pulse width is not an effective means to identify coincident particles, and artifacts from coincidence (aka "swarm" in the EV analysis field) are pervasive in the literature (17) . Thus, conventional methods for "doublet detection" that are used for analysis of cells, need to be replaced in EV analytical protocols with alternate quality control practices. Coincidence detection of EV can be identified by performing serial sample dilutions (18) and ensuring that measured intensities are not dependent on particle concentration.
In addition, platelets and platelet-derived EVs are part of a circulatory system that is comprised of a highly heterogeneous mixture of cells, EVs, lipoproteins, and other soluble materials, which partly overlap in size ( Figure 1) . Therefore, the analysis of EVs in the circulation requires differentiation between EVs and similar-sized particles. To this end, whereas immunologists commonly report results in terms of percentages of populations (e.g. regulatory T cell expansion is commonly documented by reporting an increase in the percentage of foxp3-positive cells among total CD4+ T cells), extreme caution must be used when selecting units for reporting EV flow cytometric results, due to overlapping detection of lipoproteins and due to differences in limits of detection of different instruments (even the same model, at different locations, or on different days). If 10 laboratories test the same sample and each report the number of EVs with a specific marker per mL, the results are more likely to be consistent than if the laboratories report the percent of EVs with that marker. Volumetric EV enumeration is discussed in more detail below.
When analyzing EVs on instruments designed to measure cells, many of the contradictory and irreproducible results on EV concentration and surface marker expression could have been prevented by considering the differences between cells and EVs. Recognizing these differences, understanding how they impact the measurement of EVs, and understanding the limits of the instrument being used, allows one to avoid the most common and misleading artifacts and obtain reproducible results with conventional instruments. Meanwhile, the field awaits the further development and availability of a next generation of higher sensitivity instruments (19) , which demonstrate the potential capabilities and promise of flow cytometers that have been redesigned to provide the fluorescence and light scatter sensitivity and resolution required for robust analysis of EVs and other nanomaterials.
Flow cytometry of platelet vesicles
With the differences between cells and EVs in mind, we turn to the essential components of robust and reproducible EV flow cytometry, which include: sample collection and processing, EV detection, standardization and calibration of EV light scatter and fluorescence measurements, experimental design including necessary controls, and data analysis and reporting. While many of these components will depend upon the specific aims and samples being studied, and the instrumentation with which they are being analyzed, we outline the following general principles that should be considered in the experimental design.
Sample collection and processing
The manner in which a blood sample is collected, processed and stored can have a significant effect on the downstream flow cytometric analysis. Pre-analytic variables have been the subject of numerous studies using various conventional flow cytometry approaches (20) (21) (22) (23) . Because these conventional approaches have significant limitations, definitive studies have yet to be conducted. However, some general lessons have emerged. Several studies have examined the effect of different anti-coagulants. There is evidence that heparin can induce post-collection release of platelet EVs, thereby altering the sample, while citrate or EDTA does not introduce this artifact. It is generally recommended to process the blood, to remove platelets and cells and produce cell free plasma, as soon as possible after collection. The ISTH-promulgated protocol of centrifuging blood twice for 15′ at 2500xg is followed in a large fraction of published reports (24) (25) (26) . Several studies have examined the effect of freezing on EV numbers and size and come to different conclusions as to whether this affects the final results. As a practical matter, most studies snap freeze cell free plasma for later analysis. Many groups advocate the addition of thrombin inhibitors (hirudin, PPAK, etc) to prevent spontaneous clotting in vesicle-containing plasma, which would be expected to impact EV analysis results.
The EV staining and washing procedure can also alter the sample and introduce uncertainty into the measurements. No sample processing step enables 100% recovery, and centrifugation steps are especially prone to sample loss. Therefore, it is important to record sample volumes and particle concentrations (if possible) at each step, so that these numbers can be factored in to EV concentration measurements. It should be noted that ultracentrifugation, which is a popular way to wash and concentrate EVs, can induce the formation of EV and protein aggregates that can impact size and concentration measurements (27) . The above considerations are relevant to any post-collection EV-related analysis. Because the final word has yet to be written on the most appropriate pre-analysis sample collection and processing, it is important to fully report all details and to monitor future work to determine the optimal conditions for a particular EV analysis.
EV detection
Detection of particles using flow cytometry requires selecting a "triggering" channel (or channels) to alert the data acquisition system that a particle is present in the laser beam. For cells light scatter is the most common trigger channel, as scatter intensities are much larger than background. For small EVs, light scatter is generally below background levels, and light scatter-based triggering either detects only the very largest EVs (>1 μm) and/or also collects data from "noise" events. With regards to platelets, light scatter is commonly used to trigger detection of EVs (particularly "microparticles" or "microvesicles") that are shed upon activation. Polystyrene beads are often used as reference particles to establish "gates" to identify putative EVs, though the unfortunate myth that bead light scatter can be used to calibrate EV particle size persists among novice users. In fact, particle light scatter is a complex function of not only size, but also of refractive index, illumination wavelength, laser polarization, and angle of detection. The education of users that estimation of particle size from light scatter intensity requires sophisticated analysis is an ongoing effort.
With these caveats about light scatter-based EV detection in mind, extensive efforts to standardize platelet EV measurements using conventional light scatter-based detection have conducted and reported over the past several years, primarily under the auspices of the International Society on Thrombosis and Haemostasis (24) (25) (26) . In general, these approaches employ uniform polymer beads to standardize a "window of analysis" in the light scatter parameters to facilitate comparison of results over time and across instruments. Combined with fluorescence staining for annexin and CD41, this approach can produce platelet microparticle (PMP) concentration estimates of 2-4 ×10 3 /μL (in a pool of 10 donors) that are reasonably precise (inter-instrument CVs of ~19-46%). Nevertheless, this approach likely detects only the largest and brightest particles (the "tip of the iceberg") in plasma. Standardization efforts such as these will be essential to the development of rigorous and reproducible PMP measurement methods that can produce data that can be shared and compared among labs.
EV detection can also be triggered by fluorescence, either from specific fluorescent ligands (eg. antibodies or annexin V) (28, 29) , which can label selected molecules on EVs, or from membrane probes which can label EVs and other membranous particles more generally (30, 31) . The fluorescence background can be much lower than the light scatter background, resulting in higher detection efficiencies with lower levels of "noise" events. The limit of detection for fluorescence triggering will be determined by the number of fluorophores that label the EV and the ability of the instrument to resolve dim signals above background.
With regard to platelet EVs in plasma, especially notable is the work of Brisson et al. (29) , who performed a comprehensive analysis of the relationship between EV size and surface marker expression as measured by immuno cryo-EM and flow cytometry using light scatter and fluorescence triggering. Brisson et al. clearly showed the advantages for detecting EVs bearing specific surface molecules, such as CD41 on PMPs. This approach reported ~2 ×10 4 PMPs/μL, ten times more than observed for light scatter triggering, but still possibly an underestimate as the lower limit of detection was estimated at ~1000 molecules of CD41. Also notable is the approach of Stoner et al (30) , who used a membrane-specific probe to detect and size EVs as small as ~70 nm, and to identify subsets of EVs expressing as few as ~200 ligand-conjugated fluorophores. Such labelling of EV membranes with lipophilic dyes have generally required a wash step to remove free dye that caused unacceptable background. Nevertheless, this approach demonstrates that the careful choice of membrane probe and staining conditions enable to detect membranous particles, including platelet EVs, directly in diluted plasma.
The volume of EVs can also be labeled. For example, fluorogenic substrates, such as carboxyfluorescein diacetate succinimydal ester (CFSE), can be activated and trapped inside EVs. When using CFSE or similar probes for general protein labeling of the EV volume, or lipid-intercalating dyes for labeling the EV surface, the fluorescence signal from EVassociated labels must exceed the signal from various sources of background in order to be detected. Because the background in the fluorescence channels are generally lower than the scatter channels, fluorescence offers distinct advantages over light scattering for triggering the detection of EVs in flow cytometry, especially with instruments for which the scattered light intensity from the EVs is insufficient to fully resolve the EV population from background.
Whether light scatter or fluorescence signals are used to trigger detection, the user is still faced with the decision of how to set the trigger threshold (also called the "discriminator" on some systems). In practice, buffer (or buffer plus staining reagents) can be used to set a threshold level that results in an acceptable level of background events. The number of background events can be used to define a particle number limit of detection (LOD), which, as an example, could be designated as three standard deviations above the mean of the background counts (99% confidence limit). The value of the trigger detection threshold can be expressed in arbitrary units of channel number, or as a calibrated value, such as number of photons or mean equivalent soluble fluorophores (MESF), as is discussed below. Details about the trigger threshold are important to report, because individual flow cytometers and sample preparation methods have different levels of background, thereby affecting the optimal settings and the amount of particles being detected. In colloquial terms, this is the problem of reporting how much of the "iceberg" is being detected.
Experimental design
The differences between cells and EVs also necessitate some differences in experimental design when measuring EVs. The issue of detection specificity is a challenge as it can be difficult to distinguish the small, dim signals from EVs, from other small, dim signals originating from various sources of background from the instrument, reagents or sample. The appropriate control experiments (Table 2 ) can help to determine the contribution of these background signals and guide efforts to reduce them.
First, all fluids, including sheath fluids and dilution and wash buffers, contain entities that fluoresce and/or scatter light. In high pressure systems (such as commercially available high sensitivity jet-in-air sorters), abrupt depressurization of the sheath fluid can result in degassing of the buffer and generation of micro(nano)-bubbles, which may be detected by scattered light. Buffer-only controls are therefore commonly used to set detection trigger thresholds and should be part of any results presentation. Additional background sources that might be introduced during staining include fluorescent antibody aggregates (32) and calcium phosphate micro-precipitates (33) , which can be mistaken for EVs. Staining reagent-only controls (i.e. controls with staining reagents and sample buffer, without any sample) can identify these background sources and evaluate the effectiveness of filtration or centrifugation in reducing them. Even after extensive filtering or centrifugation, background sources can remain. A useful control sample to discriminate non-EV background from real EVs is treatment with detergent (e.g. 0.05% Triton X-100), which will solubilize EVs, leaving only non-membranous particles (34) . When measuring EVs directly in a biofluid, such as plasma, one must also be cognizant of the presences of other similarly-sized particles in blood, such as lipoproteins (including chylomicrons) (35) . Lipoproteins are partially detergent soluble, whereas immunoglobulin and protein complexes (36) are not. While EVs may be distinguished from these other particles by the presence of specific surface markers, it is probably best to use plasma from fasted subjects where possible(37), as is often done for other blood chemistry analysis. The recognition of these artifacts and steps to minimize or eliminate them have been described in the literature, and it is the responsibility of authors and reviewers to ensure that future published work does not repeat past mistakes.
Coincidence is a phenomenon that results from the occurrence of multiple particles in the measurement probe volume at the same time. Coincidence is a purely statistical phenomenon that depends on the particle concentration in the sample and instrumentspecific attributes (such as laser spot size and signal processing attributes). When particles are large compared to the height of the focused laser beam, it is a trivial matter to identify coincident events and exclude them from analysis. When particles are small relative to the laser beam spot, as is the case for EVs, it is much more difficult to distinguish events triggered by coincident particles from those triggered by single particles. The resulting artifact, sometimes referred to as "swarm" detection, is a pervasive in the literature and results in the underestimation of the true particle count and an over estimation of particle brightness. The only way to minimize the frequency of coincidence is to adjust the concentration of the particles being measured. When the particle concentration is not known, as is typical in EV measurement applications, it is necessary to perform serial dilutions on samples. As is expected for single particle measurements, serial dilutions should demonstrate that the event detection rate decreases in response to dilution, but that the measured optical intensities (fluorescence and/or light scatter) of those events do not change.
Standardization, calibration, and data reporting
As the perfect EV measurement approach has yet to be developed, and the literature is replete with "novel" methods for the analysis of EVs, standardization in the reporting of key EV properties is essential. For both research and clinical applications, these properties may include (Table 3 ) the number (and concentration) of EVs detected, the size distribution of those EVs, the numbers of EVs detected bearing a particular target molecule, the number of target molecules detected, and the limit of detection of the analysis method. The standardization and calibration of each of these measurements involves different considerations, but can be readily adapted from established protocols for cell analysis, with appropriate modifications to account for the differences between cells and vesicles.
Particle number and concentration
The number of detected EVs can be derived from the number of detected events after accounting for non-EV events resulting from other particles or noise sources. The number and source of background events can be estimated from buffer-only and reagent-only controls. For EVs, which are detergent soluble, detergent treatment of samples can provide further confirmation of the number of EV-specific events detected, and is a valuable control.
The EV concentration is estimated using the volume of sample measured and considering any concentration or dilution steps introduced during sample preparation. Some instruments feature calibrated volumetric sample rates, which enable calculation of the volume measured from the time of sample analysis. There are several approaches to estimating the sample volumetric flow rate, including the measurement of beads at a known concentration for a fixed amount of time, which is simple to implement. With knowledge of the volume measured and the number of EV-specific events detected, the concentration of EVs in the processed sample can be readily calculated. Dilutions and concentration of EVs during sample preparation will depend on the sample preparation approach, and should be recorded and reported.
Particle size
One of the distinguishing features of EVs is their small size. Much has been made of the difference in size between "exosomes" and "microvesicles," in spite of the fact the particles isolated by methods purported to enrich for these two classes of EVs have size distributions that substantially overlap (38, 39) . With regard to flow cytometry of EVs, the published literature is littered with examples of ad hoc and invalid "size calibration" of light scatter using polymer beads as size standards to estimate EV size. In recent years, several publications have demonstrated that, while polymer beads may be useful to establish a standardized "window of analysis" between similar instruments, estimating particle size from light scatter intensity requires consideration of particle refractive index, illumination wavelength, and light collection angle. Published examples have illustrated the use of light scattering models that use these considerations to estimate particle size from light scatter measurements down to the limits of light scatter detection of EVs, which is on the order of 500 nm for most commonly used flow cytometers. More sensitive detection of even smaller particles, 100-200 nm for certain commercially available instruments with optimized light scatter sensitivity, and 30-50 nm for next-generation instruments (19) , have been demonstrated for beads and purified EVs in purified buffers, raising the prospect that these approaches might be applied to real world samples such as the measurement of platelet EVs in plasma.
An alternative approach has been described based on fluorescence, in which a membranespecific probe stains EVs in proportion to their surface area, and where the use of synthetic membrane EVs as size standards enable the measurement of size of EVs as small as ~70 nm (30, 38) It is valuable to augment flow cytometry-based size estimates with independent determinations using orthogonal single particle sizing methods, such as nanoparticle tracking analysis (NTA) (40, 41) , resistive pulse sensing (RPS) (42) , or electron microscopy (43) (44) (45) .
Particle brightness
The biggest reason to use flow cytometry to analyze EVs is the ability to use fluorescencelabelled antibodies or other ligands to detect EV components and cargo. Here, the small size and antigen numbers challenge the sensitivity of conventional lymphocyte analyzers, so that the number of antibody-positive EVs measured in a sample on one instrument may differ from that measured on another instrument. Thus the calibration of fluorescence measurements and the standardization of reporting is essential to allow comparisons of results obtained on different instruments.
Fortunately, the tools for calibration of flow cytometry fluorescence intensity measurements are well established, and include commercially-available calibrated intensity standard particles and software that make the conversion of arbitrary intensities (channel numbers) into absolute intensities with units of photoelectrons or Mean Equivalent Soluble Fluorochromes (MESF) (5, (46) (47) (48) . For biological interpretation, expressing fluorescence intensity in units of MESF is the most useful, since this can be related to the number of antibodies bound per EV in a fairly straightforward manner. Beads with intensities calibrated in MESF units are available for several popular fluorophores, and provide a way to compare measurements made in different laboratories and using different instruments. For fluorophores for which there are no commercially available intensity standards, multiintensity hard-dyed beads can serve as useful reference particles to standardize brightness measurements across labs. A third approach involves using antibody-capture beads with calibrated binding capacities that can, in principle, be used for antibodies labeled with any fluorophore. Although these commercially available beads were designed to calibrate measurements of cells, and the availability of beads designed to calibrate EV measurements are an unmet need, any of these approaches is preferable to reporting results as uncalibrated mean fluorescence intensities, or MFIs.
Marker positivity
In flow cytometry of lymphocytes or other cells, immunofluorescence staining results are often expressed as the "percent positive," which is useful and appropriate when all of the cells can be detected and there is little uncertainty about the denominator. However, when there is uncertainty about how many of the particles of interest are actually being detected, as is the case with EV detection by flow cytometry, the percent positive will depend on both the number positive and on the number detected. Consequently, expressing results as percentages has little use and may actually be misleading. For this reason, it is important to report the number (or better still, concentration) of positive EVs. Moreover, because the number of positive EVs will depend on the sensitivity of the instrument, the brightness of the reagents, and background signals from various sources, the number (or concentration) of positive events should be presented in terms of a threshold brightness for positivity, ideally expressed in units of MESF as described above.
Status and prospects
While it is clear that EVs from platelets and cells are involved in many aspects of health and disease, our ability to understand the mechanistic roles they play and to exploit this to develop better diagnostics and treatments is still fairly limited. A key to improving our understanding of the functions of EVs and their use in clinical practice is improved methods for their quantitative analysis. Flow cytometry is a powerful single particle analysis tool, but flow cytometry instruments and methods developed for cell analysis are not optimal for the analysis of small, dim EVs. These limitations, combined with differences in sample preparation, experimental design, detection and gating strategies, and data reporting have produced plasma PMP concentration estimates in the peer-reviewed literature that vary by orders of magnitude. The application of appropriate experimental design, controls, standards and calibration are essential to reduce this variability and harness the strengths of flow cytometry for single EV analysis in a way that allows rigorous and reproducible measurements that can be compared among labs.
Fortunately, the field is increasingly aware of these limitations, and an improved appreciation of the importance of standardization in measurement approaches, instrument calibration and data reporting will enable the routine comparison of results across labs. To facilitate this, the International Society for Extracellular Vesicles (ISEV), together with the International Society for Advancement of Cytometry (ISAC) and the international Society on Thrombosis and Haemostastis (ISTH), is leading a working group on EV flow cytometry to standardize fluorescence calibration and data reporting for EV analysis. Such standardization will accelerate the adaptation and validation of new, high sensitivity instruments for the analysis of EVs in biofluids, including platelets EVs in plasma. A comparison of sizes of platelets, platelet-derived extracellular vesicles, and other lipoprotein particles commonly found in the circulation. Extracellular vesicles, from platelets or cells are typically produced either as exosomes, released from multivesicular bodies (MVB), or as microvesicles or microparticles, shed from the cell surface. As major regulators of hemostasis and wound healing, platelet-derived EVs are commonly studied in human biofluids, such as plasma, where additional submicron particles also are present and must be considered and accounted for (or removed during sample preparation) for any flow cytometric analysis of bio-fluid derived EVs. Figure drawn with objects to approximate relative scales, and high-versus low-receptor densities, for molecules such as CD41 and CD102, respectively, are shown as blue and green labels, drawn to indicate that the low abundance epitopes on platelet-derived may be detectable on the largest of the shed microparticles, but are likely not detectable with conventional flow cytometers. Page 16 
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